ABSTRACT: Metallocenes are a promising candidate for future spintronic devices due to their versatile and tunable magnetic properties. However, single metallocenes, e. g. ferrocene, sublimate below room temperature and therefore the implementation for future applications is challenging. Here, a method to prepare biferrocene thin films using organic molecular beam deposition (OMBD) is presented, and the effect of substrate and deposition rate on the film structure and morphology as well as its chemical and magnetic properties is investigated. On Kapton and Si substrates, biferrocene interacts only weakly with the substrate and distinct grains scattered over the surface are observed. By incorporating a 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) seeding layer and depositing biferrocene at high deposition rates of 1.0 Å s -1 , it is possible to achieve a well-ordered densely packed film. With spintronic applications in mind, the magnetic properties of the thin films are characterized using superconducting quantum interference magnetometry (SQUID). Whereas initial SQUID measurements show weak ferromagnetic behaviour up to room temperature due to oxidized molecule fragments, measurements of biferrocene on PTCDA capped with LiF show the diamagnetic behaviour expected of biferrocene. Through the successful deposition of biferrocene thin films and the ability to control the spin state, these results demonstrate a first step towards metallocene-based spintronics.
Introduction
With the first synthesis of ferrocene in the early 1950s by Kealy and Pauson, 1 and independently by Miller, Tebboth and Tremaine 2 a new class of molecules was born. The family of metallocenes quickly grew and now includes a vast number of bis(η5-cyclopentadienyl)-metal molecules, containing different 3d metals like iron, nickel, and cobalt as well as 4d and 5d metals like ruthenium and osmium. Furthermore, it is possible to link metallocene monomers via covalent bonds to form open chains of nearly arbitrary length and even closed structures such as rings. 3 Therefore, metallocene species are ideal systems in which to study inter-metal interactions. 4 Initially, metallocenes were thoroughly studied for their diverse properties in redox reactions, chemical catalysis and as precursors for metal-based structures thanks to easy release of the cyclopentadienyl rings 5 . In addition, metallocene dimers such as biferrocene generated great interest due to their mixed valence properties after oxidation. 6 More recently, a broader range of applications of metallocenes have been identified, including lowering the work function of electrodes in the context of organic electronics 7, 8 or facilitating the production of aligned carbon nanotubes via pyrolysis. 9, 10 By changing the metal centre, linking multiple/different metallocenes, adding ligands or oxidation of the molecules, different magnetic properties can be achieved. One especially prominent example is the decamethylbimetallocenes family, which exhibits diamagnetic behaviour with the metal being Fe 2+ or Co 3+ (oxidized using PF 6 ), ferromagnetic coupling in the case of Co 2+ and antiferromagnetic coupling in the case of V 2+ and Ni
2+
. 11, 12 Special interest in metallocenes arose within the field of spintronics after theoretical studies showed that ferrocene wires possess the ability to generate a nearly 100% spin-polarized current. 13 Furthermore, theoretical studies conducted on bicobaltocene and binickelocene showed spinfiltering properties, 14 and current rectification is predicted for nickelocenylferrocene. 15 Simulations carried out on ferrocene deposited on pristine graphene nanoribbons showed a possible spin valve structure that could generate a perfect magnetoresistive effect. 16 Furthermore, using STM it was demonstrated that nickelocene maintains its spin on metallic surfaces. 17 Hence, metallocenes are promising candidates for the realisation of future organic spintronic devices and quantum computing. However, a major challenge in utilising metallocenes in future spintronic devices is the capability to deposit them as stable thin films. For example, ferrocene sublimates below room temperature. 18 In this work, we report the successful deposition and characterisation of biferrocene (Fc 2 ) thin films on various substrates. In contrast to ferrocene, biferrocene has a significantly higher sublimation temperature due to its larger molecular mass. Subsequent analysis of the films using atomic force microscopy (AFM) and scanning electron microscopy (SEM) showed distinct grains scattered over the surface due to weak interactions with the Si and Kapton substrate. Well-ordered densely packed films were observed by depositing on a 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) seeding layer and using high deposition rates. Initial superconducting quantum interference device (SQUID) measurements showed weak ferromagnetic behaviour, which in conjunction with X-ray photoelectron spectroscopy (XPS) measurements was attributed to oxidized molecular fragments. It is possible to suppress this ferromagnetism and observe the expected diamagnetic behaviour by using PTCDA as a seeding layer and LiF as a capping layer. With the ability to control the spin state of bimetallocene molecules via oxidation and selecting the magnetic properties via a suitable choice of the metal centre, the successful deposition of biferrocene molecules shows great potential towards metallocene-based spintronic devices.
Experimental Section
All depositions were carried out in a SPECTROS® organic molecular beam deposition (OMBD) system by Kurt J. Lesker® with a base pressure of around 5 x 10 -7 mbar. Multilayer structures were grown without breaking vacuum. A targeted biferrocene film thickness as measured with a quartz crystal microbalance of 200 nm on PTCDA was chosen for all samples; however, depending on the substrate the achieved thickness varied due to a difference in the sticking coefficients. The nominal deposition rate was 0.1 and 1.0 Å s -1 . During deposition, the substrates were kept at room temperature and a sublimation temperature of 75-105 °C was used for the biferrocene molecules.
The XRD patterns were collected on a Philips X'Pert PRO PANalytical θ/2θ system using 40 kV source voltage and 40 mA source current (Cu-Kα, 0.154 nm). For sample imaging a Bruker Dimension Icon® AFM was used in Peak Force Tapping® mode as well as a ZEISS Leo Gemini 1525 SEM. Gwyddion software was used for detailed analysis of the AFM images. To get accurate values for coverage and film thickness, values were averaged over three 50 x 50 μm AFM images; the error bars are given by the standard deviation of the three images. The thin film thickness equivalent was calculated via the total grain volume averaged over three 50 x 50 μm images. The SEM imaging was carried out using a beam energy of 5 keV and the in-lens detector; a 10 nm Cr coating was applied directly prior to imaging. For chemical characterisation, Raman and XPS were measured on a Renishaw® inVia Raman microscope using an excitation wavelength of 532 nm and on a Thermo Scientific™ K-Alpha™+ XPS using an Al Kα X-ray source (hν = 1486.6 eV) and a 180° double focusing hemispherical analyser with a 2D detector, respectively. The XPS data was collected using a pass energy of 20 eV and an X-ray spot size of 400 μm. During all XPS measurements, a flood gun emitting low energy electrons and argon ions was used for charge compensation. The SQUID measurements were performed on a Quantum Design® MPMS-7 instrument. The samples for the SQUID measurements were prepared by depositing a 4 x 90 mm² strip of biferrocene on a 160 x 90 mm² sheet of Kapton/PTCDA on Kapton and subsequently rolled up and inserted in a plastic straw for the measurement. In this way, the background signal of the substrate can be eliminated. This method is explained in more detail elsewhere.
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Biferrocene synthesis:
General: Reactions were adapted from reported work which is referenced in the text. All reactions were performed using standard air sensitive chemistry and Schlenk line techniques under an atmosphere of nitrogen. No special precautions were taken to exclude air during the workup. Solvents used in reactions were collected from solvent towers sparged with nitrogen and dried with 3 Å molecular sieves, apart from N-methyl-2-pyrrolidone (NMP), which was purchased as anhydrous (99.5%). Copper(I)thiophene-2-carboxylate (CuTC) 20 was synthesized using literature procedures. All other compounds were purchased from commercial suppliers and used without further purification. 1 Ferrocene (10 g, 53.76 mmol) and KtBuO (750 mg, 6.68 mmol) were combined under an N 2 environment. Dry THF (500 ml) was added and the reaction flask was cooled to -78 °C. 1.9 M t BuLi solution in pentane (56 ml, 107.66 mmol) was added slowly to the solution and stirred for a further 2 hrs at -78 °C. Iodine (20 g, 78.80 mmol) was added as a solid against a flow of N 2 and the reaction was stirred for a further 30 min at -78 °C. The reaction was then allowed to warm to room temperature and quenched with water (1000 ml). The product was extracted into DCM (2 x 60 ml), washed with sodium thiosulphate solution and the solvent was removed to leave a brown oil. This was dissolved in n-hexane (500 ml) and washed with 0.2 M aqueous solution of FeCl 3 until the 1 H NMR showed the removal of ferrocene. The solution was then washed with water (3 x 100 ml), dried with MgSO 4 , filtered and the solvent removed. The product was further purified by filtration through silica eluted with n-hexane and dried to yield an orange oil (13.26 g, 79%). Starting with the lower deposition rate, biferrocene molecules formed grains on the surface with the grain shape and size depending on the nature of the substrate. The grains on Si are more elongated in shape with large uncovered areas in between whereas the grains on Kapton are more triangular in shape separated by smaller uncovered areas. On Si and Kapton the nucleation density of the biferrocene molecules was low with a coverage of 30 ± 13% and 42 ± 2%, respectively; the coverage on Si varies more strongly than the coverage on the Kapton substrate. The actual film thickness calculated using the total grain volume for biferrocene on Si and Kapton was determined as 73 ± 33 nm and 161 ± 12 nm, respectively.
To improve the film coverage and morphology, PTCDA -a molecule known for forming π-π 22 or dipolar 23 interactions with other organic molecules -was chosen as a seeding layer. By growing biferrocene thin films on PTCDA, it was possible to increase the film coverage to 70 ± 2% and the film thickness equivalent (defined in experimental section) to 215 ± 10 nm. Furthermore, denser and more regularly shaped grains were observed due to the high nucleation density and limited space for the grains to grow laterally in comparison to the widely-spaced grains on Si and Kapton. ; the scale bar equals 1 μm.
Individual grains were studied in more detail using AFM (Figure 2) . On all substrates, it was observed that the grains consist of multiple smaller crystals. Based on the substrate dependence of the grain shape and the grains being well separated with no evidence of a continuous wetting layer underneath, we suggest a Volmer-Weber island like growth mode indicating strong inter-molecular coupling. The crystal structure was studied using XRD, as shown in Figure 3 . Powder measurements were similar to those previously obtained for biferrocene measured on a single crystal 24 with slightly different peak intensity ratios, which may be caused by an anisotropic grain shape of the powder resulting in preferential alignment of the grains relative to each other. On all substrates investigated, biferrocene crystals showed diffraction from the (110) Figure 4 . Note that the biferrocene unit cell contains two inequivalent molecules oriented nearly perpendicular to each other with an angle of 87.6°; 24 therefore, it is not possible to achieve a packing with the cyclopentadienyl rings flat or perpendicular to the substrate. The dominant peak for biferrocene films on Kapton, Si, PTCDA and powder, as well as in prior measurements on single crystals 24 was at approximately 2θ = 16.2° corresponding to the (110) plane. In this configuration, the molecules are oriented at an angle of 87.2° and 22.7° relative to the crystal plane/substrate. To compare peak intensities between different samples, we used the texture factor 25 ζ to normalize the measured peak intensities ι relative to the intensities reported in literature for the biferrocene single crystal τ:
=
The texture factor corresponding to the (110) plane in the case of biferrocene on PTCDA is the highest with 3.28 compared to 2.10 on Kapton, 1.63 on Cu and 1.16 on Si. This suggests a higher crystal alignment of biferrocene on PTCDA compared to the other substrates. Furthermore, Si was the only substrate with crystals oriented along the (200) plane. Based on the molecular alignment relative to the substrate for the (011), (110), (11-2) and (20-2) orientations, we conclude that the molecules interact with the substrate via hydrogen bonds. Therefore, the crystal orientations on PTCDA are quite surprising since PTCDA is known for forming π-π interactions 22 with aromatic molecules. However, biferrocene shows a similar behaviour as TCNQ by interacting with the PTCDA via hydrogen bonds. 
Effect of deposition rate on film growth
As seen in Figure 1 , higher deposition rates resulted in higher film coverages with an increase from 30 ± 13% to 35 ± 1% on Si, 42 ± 2% to 72 ± 1% on Kapton and 70 ± 2% to 
about 81 ± 1% on PTCDA. In the case of biferrocene on Si and Kapton, the increase in coverage also led to an increase in the film thickness equivalent calculated using the total grain volume. The film thickness equivalent increased from 73 ± 33 nm to 112 ± 4 nm on Si and from 161 ± 12 nm to 230 ± 2 nm on Kapton. The higher deposition rate also led to a more uniform coverage, as indicated by the decrease in the values of the standard deviation for the calculated film thicknesses; this was most pronounced on Si, with a decrease from ±13 nm to ±1 nm. The increase in coverage is a sign that for higher deposition rates a lower number of molecules are able to desorb from the surface before diffusing to a nucleation site. Due to the increase of nucleation sites with increasing deposition rate, the ratio between diffusion length λ and average grain spacing σ shifts from λ > σ towards λ ≤ σ. Thus, the number of molecules desorbing from the surface before being incorporated in an existing grain decreases, resulting in a higher coverage. Furthermore, an increase in the nucleation density resulted in a decrease in the average grain and crystal size. A similar deposition rate dependence has been reported for other molecular systems, e. g. ultrathin pentacene films on SiO 2 .
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XRD measurements, Figure 3 , also revealed differences in the crystal structure of biferrocene on PTCDA and Si depending on the deposition rate. Although absolute intensities in XRD patterns should be treated with caution, for all substrates investigated, a clear decrease of the main peak corresponding to the plane oriented along the (110) direction was observed, suggesting a decrease in crystallinity with increasing deposition rate. This observation correlates with the decrease in crystal size seen in SEM, and particularly in the AFM images where smaller grains can be resolved within the islands (Figure 2 ). In the case of biferrocene on PTCDA, the peaks at 2θ = 28.68° and 2θ = 29.76° corresponding to the (20-4) and the (22-2) planes observed for a deposition rate of 0.1 Å s -1 disappeared for higher deposition rates. This can be explained by the initially low intensity of these peaks and the overall decrease in peak intensity at higher deposition rate. No major differences were observed in the case of the diffraction pattern of biferrocene on Kapton. In the case of biferrocene on Si, the peak at 2θ = 16.31° corresponding to the (110) plane decreased significantly with increasing deposition rate from a texture factor of 1.16 to 0.33 and the peak corresponding to the (200) plane disappeared. Furthermore, an additional peak appeared for higher deposition rates at 2θ = 28.68° and became the preferential orientation. Therefore, biferrocene on Si develops the same structure but pronounced differences in texture dependent on the deposition rate. However, no dependencies of this kind were observed on PTCDA. The chemical integrity of the biferrocene thin films was ascertained using XPS and Raman spectroscopy. However, multiple studies conducted on ferrocene have shown that ferrocene is not stable under photon, electron and ion irradiation. 27, 28 Therefore, initial tests regarding the stability of the thin films were carried out by exposing the sample for three hours to the X-ray source and flood gun while monitoring the change in peak shape over time. The results are shown in Figure 5 , with Figure 5a showing the Fe 2p peaks after different exposure times and 5b showing the intensity at selected binding energies over time. A linear decrease in peak intensity was observed for the maximum value of the Fe 2p 3/2 peak (707.5 eV). Furthermore, the appearance of an additional component at a binding energy between 708 and 710 eV was observed. Since the film degradation was pronounced enough to be visible by eye, we were able to correlate the size of the degraded area to a spot size of 1 mm in diameter corresponding to the electrons coming from the flood gun rather than the ion spot size of 2 mm in diameter and the X-ray spot size of 400 μm in diameter.
Chemical characterisation of the thin films
To overcome this difficulty, subsequent XPS spectra were acquired by mapping over the surface with spectra lasting in total less than 30 s being taken in every spot. The spectra taken in 150-200 measurement spots were then averaged to improve the signal to noise ratio. Figure 6 shows the Fe 2p 3/2 peak of biferrocene on Kapton, PTCDA and biferrocene powder. A binding energy of 707.5 eV for the Fe 2p 3/2 peak of biferrocene powder and biferrocene on Kapton, and 707.4 eV for biferrocene on PTCDA was observed. The measured binding energies are close to previously published values for ferrocene, which lie between 707.3 eV and 707.7 eV 29, 30 and that for biferrocene reported at 707.7 eV. ) and biferrocene powder, spectra are averaged over 160-180 measuring spots. The black vertical line at 707.70 eV represents the previously observed value for the Fe 2p 3/2 peak of biferrocene. 31 The blue shaded area marks the binding energy range identified as being correlated to fragmented Fc 2 molecules.
For the biferrocene thin film on Kapton, an additional Fe 2p 3/2 peak component at higher binding energy was observed. This suggests that a fraction of the biferrocene was modified during or after the deposition process. The ratio between the biferrocene and the impurity component was ≈ 2:1; no additional peak contribution was observed on PTCDA and for the biferrocene powder. The hypothesis that the peak contribution at higher binding energy being a satellite peak was excluded based on the substrate dependence of the peak contribution and the fact that no satellite peak had been previously reported in the literature for ferrocene. 29 The contribution at higher binding energy can be attributed to iron oxides, such as Fe 2 O 3 or Fe 3 O 4 or a mixture thereof based on the binding energy of the peak component [32] [33] [34] and the subsequently presented SQUID measurements.
The main C 1s peak was observed at 284.4 eV, a discrepancy of only 0.3 eV compared to the value published previously for ferrocene of 284.7 eV. 29 The biferrocene powder and thin films were also characterized using Raman spectroscopy ( Figure S1 ) and show the same vibrational modes with a shift of 0-10 cm -1 in comparison to values published for ferrocene. Multiple peaks not previously observed for ferrocene 35 corresponding to vibrational modes of the two ferrocene monomers relative to each other were measured; the most prominent peaks occur at a Raman shift of 433 cm -1 , 679 cm -1 , 919 cm -1 . No peaks related to iron oxides were observed due to the low sensitivity of the spectrometer used. The magnetic properties of the biferrocene thin films were characterized in order to explore possible spintronic applications and to verify the chemical integrity of the biferrocene thin films. As shown in Figure 7 , the initial SQUID measurements of biferrocene deposited on Kapton showed weak ferromagnetic behaviour in the 10 -2 μ B /molecule range even at room temperature. The variation of the magnetic moment over a temperature range of 2-300 K showed similarities with ferrimagnetic iron oxide nanoparticles such as Fe 3 O 4 and γ-Fe 2 O 3 , 36, 37 further supporting the chemical assignment from XPS. Initial SQUID measurements on Kapton showed a magnetic moment of about 3 x 10 -2 μ B /molecule, whereas measurements of biferrocene on PTCDA showed a magnetic moment of 1 x 10 -2 μ B /molecule, reduced by a factor of 3 compared to biferrocene on Kapton substrate. This substrate dependence together with the XPS results shows that the oxidation does not occur preferentially on the grain surfaces, but is likely to occur at the biferrocene/substrate interface, following a multistep process as outlined below. The detection of iron oxide for biferrocene on PTCDA in the SQUID measurements in contrast to the XPS measurements can be explained with the high sensitivity of the SQUID to unpaired spins and SQUID being a bulk technique measuring the whole sample volume at once in contrast to the rather small sampling volume of the XPS. However, the substrate dependence of the impurity feature is in both the XPS and SQUID measurements.
Magnetic characterisation of the thin films
Previous studies have shown that capping an air sensitive film with LiF is an efficient way to protect the film from oxidation.
19, 38, 39 Therefore, to mitigate the formation of magnetite impurities, a LiF capping layer was applied to the biferrocene on PTCDA to protect the film from air exposure. Measurement of the sample protected from air by the capping layer (Figure 7 ) indeed showed the diamagnetic behaviour expected of biferrocene 4 with a magnetic susceptibility χ of about -2 x 10 -6 emu T -1 . Hence, as schematically shown in Figure 8 , we conclude that a fraction of the molecules break up when reaching the substrate with the cyclopentadienyl rings binding to the substrate. Subsequently, the exposed iron atoms react with oxygen upon exposure to air, which can be prevented with a LiF capping layer. 19, 38, 39 This phenomenon is most severe on Kapton, possibly because of the electrostatic charging of the Kapton foil during substrate preparation. 40 A similar break up behaviour was observed for ferrocene during STM studies on graphite 41 and gold. 42 If the breaking up of the biferrocene molecules could be controlled locally via an electron beam or anodic oxidation, it may be possible to write ferromagnetic patterns in the film. 
Conclusion
We have demonstrated the successful deposition at room temperature of biferrocene thin films on different substrates via thermal sublimation. Furthermore, a methodology to mitigate the fracturing of biferrocene molecules during the deposition process was developed. This was achieved by using PTCDA as a seeding layer and by capping the thin film with LiF. The chemical integrity of the biferrocene thin films was investigated by XPS and Raman, and its magnetic properties using SQUID. The XPS and Raman data showed good agreement with published literature on biferrocene and ferrocene powder and single crystal. For biferrocene on Kapton in contrast to PTCDA, the XPS measurements showed an additional iron oxide component. The iron oxide was also observed via the ferromagnetic behaviour in the SQUID measurements of biferrocene on Kapton. Furthermore, the SQUID measurements of biferrocene on PTCDA showed the diamagnetic behaviour expected of biferrocene. Additionally, the dependence of the film structure on the substrate and the deposition rate was investigated. Differences in the nucleation density and grain shape were observed with biferrocene on silicon and Kapton forming few but bigger grains compared to biferrocene on PTCDA due to weak interactions between the substrate and the molecules and biferrocene on PTCDA forming more regular and densely packed grains. Furthermore, it was shown that biferrocene preferentially interacts via H-bonds with all substrates studied. The successful deposition of biferrocene thin films on room temperature substrates, which we expect to be applicable to the bimetallocene family, together with the ability to control the spin via oxidation previously observed on microcrystals 11 opens up new avenues for future spintronic applications of such materials.
Furthermore, locally induced breaking up and oxidation of the molecules could be utilised for generating magnetic patterns on the nanoscale.
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